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IntrODuctIOn
s aliva forms a protective film, the acquired pellicle (Dawes et al., 1963) , on all surfaces within the oral cavity: teeth, oral mucosa, dentures, crowns, etc. The pellicle has many important functions. It reduces the dissolution rate of enamel and modulates the process of mineral precipitation at its surface (Lendenmann et al., 2000; Hannig and Joiner, 2006) . The lubricating properties of the pellicle not only facilitate talking and swallowing, but also protect oral surfaces from abrasive forces (Hannig and Joiner, 2006) . The pellicle also forms the innermost layer of dental plaque, i.e., constituting the substratum to which bacteria adhere in the early stages of plaque formation (Lendenmann et al., 2000; Hannig and Joiner, 2006) .
The adsorption of proteins on solid surfaces is a complex process determined by the interplay of surface, protein, and surrounding medium properties (Norde, 1986; Norde and Lyklema, 1989) . The salivary pellicle constitutes a representative example of these systems, with numerous questions waiting to be answered. One of them is how the pellicle is affected by the physicochemical properties of the underlying substratum. We have focused on this aspect and, more specifically, on the influence of the water wettability of the substratum. This property, which differs for the different surfaces present intra-orally (de Jong et al., 1982; van der Mei et al., 2004) , has significant influence on the pellicle. The in vitro rate of adsorption and the adsorbed amount of saliva are dependent on the wettability of the substratum, i.e., higher amounts adsorb onto hydrophobic compared with hydrophilic surfaces (Arnebrant, 2003) . The composition of in vitro-formed pellicles is different when formed on different types of substrata with different wettabilities (Svendsen and Lindh, 2009) . A correlation has also been established between the wettability of solids and their adhesiveness for in situ-formed dental plaque (Glantz, 1969; Teughels et al., 2006) , which is attributed to the innermost salivary film (Glantz and Baier, 1986) .
Even though the relevance of the adhesiveness of the pellicle has been thoroughly discussed (Glantz, 1969; Christersson et al., 1989; Busscher et al., 1995; Hannig and Hannig, 2009 ), its direct experimental study has been postponed because of the lack of suitable techniques. We have shown that such studies of protein layers could be approached by probing their resistance to wear by Atomic Force Microscopy (AFM) operating in the Friction Force Spectroscopy (FFS) mode (Sotres et al., 2011a) . AFM-based FFS offers clear advantages for the study of wear, such as its nanometer spatial resolution, which is optimal in the study of coatings with thicknesses in the nanometer range. Moreover, single asperity contacts are simulated due to the nanometer size of AFM tips. We recently applied this methodology to study pellicles formed in vitro from fresh saliva (Sotres et al., 2011b) . In these experiments, we showed that pellicles formed on model hydrophilic substrata were stronger than those formed on nanoWear of salivary Films vs. substratum Wettability model hydrophobic substrata. The aim of the present work was to establish AFM-based FFS as a tool to study salivary films by characterizing the dependence of these films on the water wettability of their substrata. To this end, AFM-based FFS was used to study the wear resistance of pellicles formed from the same batch of saliva, i.e., avoiding compositional differences, on substrata of different wettabilities. Our results reveal a constant and pronounced increase of the strength of the films with increased water wettability of the substratum.
MAtErIAls & MEthODs cleaning and hydrophobization of substrata
Both clean (hydrophilic) and hydrophobized silica surfaces were used in this study. Silica surfaces (Semiconductor Wafer Inc., Hsinchu, Taiwan) were cleaned as described elsewhere (Wahlgren and Arnebrant, 1990) . For hydrophobization, clean silica surfaces were immersed in a solution containing dichlorodimethylsilane (Sigma-Aldrich, Stockholm, Sweden) diluted in trichloroethylene (Sigma-Aldrich, Stockholm, Sweden). (Hereafter this treatment is referred to as 'methylation'.) The dichlorodimethylsilane concentration and the immersion time were varied to obtain different surface coverages of methyl groups and, therefore, different water wettabilities (specific details are given in Appendix 1). After methylation, the surfaces were washed in trichloroethylene and ethanol and were finally stored in ethanol to avoid contamination of the substrata. Before sample preparation, substrata were dried under a nitrogen stream. The substrata were not further treated to focus on the interaction of saliva with clean surfaces. 
contact Angle Measurements
The water wettability of the substrata was characterized through their water contact angle, θ c (Fig. 1a ). For this, a DSA100 Contact Angle Measuring System (Krüss GmbH, Hamburg, Germany) was used. Specific technical details are given in Appendix 2.
sample Preparation
Unstimulated saliva from two healthy male donors, 56 and 32 yrs old, respectively, was collected (Dawes, 1974) . After collection, saliva was frozen, kept at -20°C, and thawed just before sample preparation. Immediately after being thawed, saliva without further treatment (ca. 100 µL) was pipetted onto the substrata, left to adsorb for 1 hr at room temperature, and rinsed with UHQ water for removal of loosely bound components (Arnebrant, 2003) . Immediately after being rinsed, samples were placed and scanned in an AFM fluid cell filled with UHQ water. Ethical approval was obtained from the committee of research ethics at Lund University (LU 518-02).
Friction Force spectroscopy
Friction force spectroscopy (FFS) measurements were performed at room temperature with a commercial AFM (MultiMode 8, Bruker AXS) equipped with a fluid cell. An AFM uses a nanometer-sized tip attached at the free end of a cantilever to scan samples. During scanning, the load and friction forces applied by the tip are monitored ( Fig. 2a ). Standard AFM imaging consists of varying the vertical position of the sample during the scan so that the load on the tip, Fl, remains constant. In this way, the inverse of the sample vertical position corresponds to its topography. The capability of AFM to record topography and friction simultaneously constitutes the basis for FFS. Briefly (a detailed technical and calibration explanation is given in Appendix 3 and in Pettersson et al. 2007) , FFS is based on twodimensional constant-load scans. The topography of the sample and the average value of the tip-sample friction force, Ff, are registered for each of these scans. The applied load is then increased between scans. Thus, FFS measurements (which can be considered as scratches) are characterized by the variation with the applied load of the topography of the sample (Fig. 2b) and of the tip-sample friction (friction plot, Fig. 2d ). The changes in the topography are also represented by plotting its roughness (height standard deviation as specified in Appendix 3) against the applied load (roughness plot, Fig. 2c ).
rEsults
Silica and methylated silica were used as substrata for the salivary films. Controlling the methylation process, different concentrations of methyl groups, and, therefore, different wettabilities were achieved. The water contact angle, θc, was used as the indicator of the water wettability (Bonn et al., 2009) , higher values corresponding to more hydrophobic substrata. Six different batches of surfaces with different wettabilities were used. These batches are referred to as groups I to VI (Fig. 1b) .
Group I corresponds to clean hydrophilic silica surfaces (θc = 3.4 ± 0.6°), while groups II to VI were numbered according to their increasing hydrophobicity (θc of 15.3 ± 2.3°, 41.7 ± 3.1°, 64.3 ± 1.6°, 78.4 ± 5.9°, and 99.7 ± 0.5°, respectively).
A representative example of a FFS measurement in UHQ water on a salivary film (formed on methylated silica, group VI, is shown in Fig. 2. Fig. 2b shows the topography of representative scans of the FFS measurement. The changes in the topography induced by the applied load are also illustrated by plots of the roughness of the complete set of scans (roughness plot, Fig. 2c ). The tip-sample friction force is also shown for all the scans (friction plot, Fig. 2d ). For the lower applied loads, the topography shows a planar surface characterized by low and homogeneous roughness. This is indicative of non-destructive sliding along the intact salivary film. When the load is further increased, the film eventually breaks, as shown by a sudden increase in roughness. The scan for which this occurs is referred to as "Rupture Scan". A planar topography is again visualized when the load is increased even further, the roughness reaching a value similar to that measured on a similar substratum with no saliva adsorbed (henceforth called 'clean substratum', dotted line in Fig. 2c ). The scan where this is observed is referred to as the "Sweeping Scan". From this scan, friction increases with load at the same rate measured when a clean substratum is probed (dotted line in Fig. 2d ). These observations indicate that the film is removed and the underlying substratum is visualized. In this work, we did not focus on the net force difference observed between the friction measured in this regime for the salivary film and for a clean substratum. Nevertheless, it is worth mentioning that this is indicative of the lateral diffusion of some of the components of the salivary film (Sotres et al., 2011b) . In this work, the forces for which the Rupture and Sweeping Scans occur were chosen as indicators of the strength of the salivary films. Fig. 3 shows 6 sets of roughness and friction plots performed on films formed on all the studied types of substrata with the same batch of saliva from a single donor. Sweeping Scans are identified for all the cases, whereas Rupture Scans are identified only for films formed on more hydrophobic substrata. Nevertheless, the clear identification of film removal implies that rupture does occur. It may be hypothesized that, as a consequence of films being rougher in this case, rupture is no longer reflected as a drastic increase in roughness (Sotres et al., 2011b) . Despite this, it is clear from Fig. 3 that Rupture and Sweeping Scans occur at higher load and higher friction forces for films formed on substrata with higher water wettability.
The roughness and friction plots of Figs. 2c and 2d differ slightly from those shown in Fig. 3f , despite being obtained on saliva adsorbed on similar substrata. The fact is that these measurements were performed on films formed with saliva from different donors. Thus, an investigation is needed into whether the θ c -dependence observed in Fig. 3 holds in the probing of films formed from saliva from different donors. We verified this by probing films from two donors on all the groups of substrata used in this work. In Fig. 4 , the load and friction forces corresponding to the Rupture and Sweeping Scans measured on those systems are plotted against the θ c value of the corresponding substrata. Each force is plotted as a mean value with standard deviation calculated from a set of 3 to 5 different measurements on different areas of the samples. Despite the intra-and interindividual differences shown by these measurements, their results validate that the overall strength of salivary films increases with the increased water wettability of the substratum.
DIscussIOn
The aim of this work was to study the dependence of the strength of salivary films on the water wettability of their substrata. For substrata, we used silica surfaces with different coverages of methyl groups. Both silica and methylated silica have comparable surface charge densities (Malmsten et al., 1998) . Moreover, AFM imaging showed that methylation did not induce significant changes in the roughness of the surfaces (Appendix 4). Thus, the use of silica with different coverages of methyl groups was validated, since they differed only in their water wettability.
The water wettability of a surface is determined by its surfacefree energy (Bonn et al., 2009) . A characterization in terms of the critical surface tension would have been more robust because of its being a liquid-independent quantity (Fox and Zisman, 1950; Baier and Glantz, 1978) . However, we decided to use water wettability (or, more specifically, the static water contact angle θ c ) to characterize the substrata, since (i) it is widely used to characterize oral surfaces (de Jong et al., 1982; van der Mei et al., 2004) , and (ii) it is specifically relevant in this case, since saliva is mostly water (Jenkins, 1978) . Nevertheless, given that neither the testing liquid (UHQ water) nor the ambient gas (air) varied between measurements, θ c could be regarded as a direct indicator of the surfacefree energy of the substrata. Higher θ c values corresponded to substrata with lower surface-free energies (more hydrophobic).
A critical point of this work is the use of pellicles formed in vitro from thawed saliva. The study of pellicles formed in situ might have given additional information, since they differ from those formed in vitro (Carlén et al., 1998 (Carlén et al., , 2003 . Moreover, freezing and thawing also alter saliva (Francis et al., 2000) . Despite this, we used thawed saliva, since it allowed us to test saliva from a single donation (batch), i.e., at the same compositional conditions, on the different substrata, minimizing preparation-and storage-induced differences. In this way, differences among the strengths of the pellicles could be unequivocally associated with differences among the wettabilities of their substrata. If pellicles formed either in situ or in vitro from fresh saliva were studied, saliva would have to be collected prior to each experiment (different batches), leading to compositional differences among the pellicles formed on each substratum, the effect of this on their strength being unknown. Therefore, this work is a reasonable starting point for establishing the methodology and for studying the influence of the water wettability of substrata. Nevertheless, studies on pellicles formed from fresh saliva, or even in situ, should be conducted.
AFM-based FFS was used to determine the load and friction forces needed to break, i.e., forces applied during the Rupture Scan, and to remove, i.e., forces applied during the Sweeping Scan, salivary films formed on the different substrata. Our results show that there is a drastic increase in these forces, i.e., Figure 3 . Friction and roughness plots obtained on salivary films formed on each of the substrata studied in this work. Films were formed by saliva from the same donor the same day. Note different scales in the axes.
of the overall strength of the films, with increasing water wettability of the substrata. From the technical/methodological side, the possibility of performing these measurements, and the robustness of the results obtained, show that AFMbased FFS is a powerful technique for performing in vitro tests for the saliva compatibility of materials.
Because the pellicle constitutes the innermost layer of dental plaque, the data provided are especially relevant for understanding its mechanical removal processes. In agreement with early investigations (Glantz, 1969) , this study suggests that, when subjected to mechanical forces, plaque formed on substrata of low wettability would be more prone to separate from the substrata than to exhibit disruption and rupture processes. The opposite would be true on substrata with a high wettability.
There is no straightforward way to explain the mechanism underlying our results. We are currently investigating whether one origin could be the differences in the composition of the pellicles. Despite this, it is interesting that analysis of our data supports the predictions of the "theta surface" theory for the biocompatibility of materials (Baier, 2006) . This theory states that weakest adhesion of biological material occurs on substrata with critical surface tension similar to that of completely methylated surfaces, i.e., 22-24 mN/m (Zisman, 1964) . It also states that, from this point, adhesion will increase with the critical surface tension of the substrata, i.e., with their hydrophilicity, this being also supported by our results. The experimental verification of this theory supports its applicability to the a priori design of non-adhesive surfaces in contact with saliva.
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